Comprehensive two-dimensional gas chromatography (GC × GC) Central composite design (CCD) Mainstream tobacco smoke particulate phase (PP) Principal component analysis (PCA) Fisher ratio a b s t r a c t A method involving headspace solid-phase microextraction (HS-SPME) and comprehensive twodimensional gas chromatography (GC × GC) coupled to time-of-flight mass spectrometry (TOFMS) was developed and applied to evaluate profiles of volatile compounds present in mainstream tobacco smoke particulate matter trapped on glass fiber filters. Six SPME fibers were tested for the extraction capacities toward selected compounds, showing the best results for the polyacrylate fiber. The optimization of the extraction conditions was carried out using multivariate response surface methodology. Two cigarette types differing in a filter design were analyzed using optimized conditions. A template was built in order to generate comprehensive chemical information, which conceded obtaining consistent information across 24 chromatograms. Principal component analysis (PCA) allowed a clear differentiation of the studied cigarette types. Fisher ratio analysis allowed identification of compounds responsible for the chemical differences between the cigarette samples. Of the selected 143 most important ones, 134 analytes were reduced by the active carbon filter, while for nine, classical cellulose acetate filter was more efficient.
Introduction
Tobacco smoke is an aerosol containing an extremely complex mixture of chemicals [1] . It consists of liquid/solid droplets, called the particulate phase (PP), suspended in a mixture of gases and semi-volatiles -the vapor phase (VP). Although the majority (95%) of whole cigarette smoke is gaseous phase by weight, with the remainder (5%) being particulates [2] , the latter part contains most of the 6000+ identified compounds [3] . Based on gas chromatographic (GC) scans, various investigators have estimated that for ଝ Presented at 38th International Symposium on Capillary Chromatography and 11th GC × GC Symposium, 18-23 May 2014, Riva del Garda, Italy.each component identified in tobacco smoke there were 5-20 components present at extremely low levels that have not yet been identified, and the total number of tobacco smoke components might reach up to 100,000 [4] .
The exhaustive analysis of such complex PP samples is thus a very difficult task, not only because of the number of analytes expected to be present, but also because of the large dynamic range to be considered. One-dimensional gas chromatography (1DGC) has been used for the analysis of tobacco smoke since the early days of the technique. However, due to limitations related to peak capacity and sensitivity, most 1DGC-based methods focus on a relatively small proportion of target analytes. Over the last few years 1DGC was used to assess volatile organic compounds [5] [6] [7] [8] , polycyclic aromatic hydrocarbons (PAHs) [9, 10] , carbonyls [11, 12] , pyridines [13] , phenolic compounds [14] , or nicotine-related alkaloids [15, 16] in cigarette smoke. Comprehensive two-dimensional gas chromatography (GC × GC) is a technique that has been applied for over 20 years to the analysis of complex mixtures [17] [18] [19] [20] . It is generally accepted as a more powerful tool than 1DGC as it offers increased separation capacity due to consecutive separations performed on two orthogonal column phases, higher dimensional structure-retention relationships, and improved signal-to-noise ratio (S/N) that greatly enhances sensitivity. GC × GC coupled to time-of-flight mass spectrometry (TOFMS) has been used successfully for the analysis of tobacco smoke from hand-rolled cigarettes [21] , analysis of basic and acidic fractions of solvent refined tobacco smoke [22, 23] , complex hydrocarbons in the non-polar neutral fraction of cigarette smoke condensates [24] , and recently for the analysis of liquid and dynamic headspace extraction of mainstream tobacco smoke PP [19] . Non-scanning TOFMS was used because of the high acquisition rate such a mass analyzer can reach while ensuring the spectral continuity required for efficient MS data deconvolution of overlapping chromatographic peaks. Deconvoluted ion currents (DICs) therefore add-up to the two GC × GC dimensions, further enhancing the separation power of the technique [25] .
Solid-phase microextraction (SPME) is a rapid, solvent-free, and sensitive method of extraction based on the sorption of analytes present in a sample or in its headspace (HS) by a thin film of an extracting phase immobilized over the surface of a fused-silica fiber [26] . Since its introduction by Arthur and Pawliszyn in early 1990s [27] it has found a wide usage for the analysis of volatile and semi-volatile compounds in a broad variety of matrices [28] [29] [30] . In tobacco and tobacco smoke studies, SPME has been used to assess phenolic compounds in cigarette smoke condensate [31] , tobacco additives [32] [33] [34] , volatiles in tobacco [35] , and tobacco smoke [7, 8] , various alkaloids present in tobacco [36] , acetates in tobacco [37] , acetaldehyde in mainstream tobacco smoke [38] , and free-base nicotine associated with the particulate phase portion of mainstream cigarette smoke [39] . Important parameters affecting SPME methodology for tobacco and tobacco smoke analysis include, among others, the extraction time, extraction temperature or the type of the fiber employed. Optimization of extraction conditions can be carried out by univariate approaches, where each factor is studied separately [7, 34, 35] , or using a multivariate experimental design strategy [40] , that allows for simultaneous variation of all evaluated factors. The multivariate approach requires fewer experimental runs and makes it easier to distinguish possible interactions among the factors, that would not be possible to detect using traditional methods [41] .
In the present work, a HS-SPME GC × GC TOFMS method was developed for the analysis of mainstream tobacco smoke PP volatile and semi-volatile components from different types of cigarettes using a multivariate optimization strategy for the SPME procedure. A factorial design and response surface methodology were used to evaluate the effects of extraction time and extraction temperature on the extraction efficiency of seven selected representative compounds, measured as peak area. The developed method was applied for statistical comparison of two cigarette types that differed only in a filter construction. The first filter type was made of cellulose acetate and the second type was a two section filter, the first section made of cellulose acetate and the second made from 45 mg high activity carbon distributed randomly within cellulose acetate fibers. Active carbons have been demonstrated to be broad general adsorbents for volatile and semi-volatile cigarette smoke constituents [42] , but limited data are currently available regarding the real chemical impact of such filter on the PP composition. The main objective of the present study was to better elucidate the possible differences between these chemical compositions. The HS-SPME GC × GC TOFMS data were treated using a Fisher ratio method [43] in order to highlight the components that statistically differ among sample types.
Materials and methods

Analytical reagents and supplies
44 mm glass fiber filter pads (Cambridge filter pads) were purchased from Borgwaldt (Germany). Pyridine, styrene, phenol, ethylbenzene, naphthalene, and quinoline were acquired from Sigma Aldrich (Belgium). An alkane standard solution (C 8 -C 20 ) was purchased from Fluka (Belgium). Commercially available SPME fibers in 23 gauge needle sizes suited for automated analysis -100 m and 7 m polydimethylsiloxane (PDMS-100 and PDMS-7, respectively), 85 m carboxen/polydimethylsiloxane (CAR/PDMS), 65 m polydimethylsiloxane/divinylbenzene (PDMS/DVB), 50/30 m divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS), and 85 m polyacrylate (PA) were purchased from Sigma Aldrich (Belgium). The fibers were conditioned prior to use according to manufacturer's instructions in a Gerstel (Kortrijk, Belgium) fiber bake out station. A blank test was performed to check for possible carry-over. 20 mL headspace vials, PTFE septa magnetic crimp caps, and an automated SPME holder were obtained from Gerstel (Kortrijk, Belgium).
Samples and sample preparation
3R4F research reference cigarettes were acquired from the University of Kentucky College of Agriculture (Kentucky Tobacco Research & Development Center, USA). A classic 27-mm length cellulose acetate filter cigarettes (coded A) and a 27-mm length two-part filter (15 mm cellulose acetate section at the mouth end and a 12 mm cellulose acetate section containing 55 ± 4 mg of indispersed active carbon at the rod end) cigarettes (coded B) were provided by British American Tobacco (Southampton, UK). A and B cigarettes had a circumference of 24.6 mm and were made up of a 56 mm long tobacco rod containing a US style tobacco blend (tobacco rod density of 235 mg cm −3 at a moisture content of 13.5%). The carbon used in this study was a high activity, polymerbased material whose production, composition and performance have been described in detail previously [42] . For each analysis five conditioned cigarettes were smoked and the PP of mainstream smoke was trapped on a 44 mm Cambridge filter pad. Cigarettes and Cambridge filter pads were conditioned for at least 48 h at 60% relative air humidity and 22 • C [44] . Smoke samples were produced using a Borgwaldt RM20 rotary smoking machine (Borgwaldt KC, Inc. USA). Smoking was conducted according to the relevant ISO standards applying a 35 mL puff of 2 s duration taken every 60 s with no blocking of filter ventilation holes [45] . Cigarettes were lit using an electric lighter (Borgwaldt KC, Inc. USA). After smoking, the filter pad was cut into quarters and each quarter was placed in a separate 20 mL headspace vial which was sealed and analyzed immediately after.
Headspace solid-phase microextraction (HS-SPME) procedures
In the preliminary selection, the extraction capacities of all six fibers toward mainstream tobacco smoke volatiles were compared (triplicate analysis per fiber coating). The test system was the mainstream smoke particulate phase of 3R4F cigarettes. This step consisted of exposing the fibers to the sample headspace using arbitrarily established conditions: an incubation time of 10 min at 50 • C and an extraction time of 10 min performed at 50 • C. The fiber was desorbed in a CIS4 Cooled Injection System (Gerstel, Kortrijk, Belgium) using the following temperature program: isothermal period at −20 • C for 0.5 min, a ramp of 12 • C s −1 to 250 • C and kept for 2 min. After desorption, the fiber was submitted to 40 min conditioning according to manufacturer's guidelines to eliminate possible carry-over from previous analysis. For the optimization of HS-SPME conditions, a 2 2 factorial central composite design (CCD) with four axial points (˛ = 1.414) and four central point replicates, and response surface methodology [41] were used in order to find the optimum values for temperature and extraction time.
The variables and levels selected for each variable are listed in Table 1 . Twelve duplicated experiments were performed randomly and each run was performed twice. JMP statistical discovery software v.10.0.0 (SAS Institute Inc. USA) was used.
Instrumental analysis
The GC × GC TOFMS system consisted of an Agilent 7890 (Agilent Technologies, Palo Alto, CA, USA) gas chromatograph and a Pegasus 4D TOFMS (LECO, St. Joseph, MI, USA) with quad jet thermal modulator. The first dimension ( 1 D) column was a low-polarity 5% phenyl polysilphenylene-siloxane phase (BPX5; 30 m × 0.25 mm i.d. × 0.25 m film thickness; SGE International, Victoria, Australia) connected by means of a SilTite TM -Union (SGE International, Victoria, Australia) to a second dimension ( 2 D) midpolarity Crossbond ® silarylene phase column exhibiting similar selectivity to 50% phenyl/50% dimethyl polysiloxane (Rxi ® -17Sil MS; 1.4 m × 0.15 mm i.d. × 0.15 m film thickness; Restek Corp., Bellefonte, PA, USA). Such a column set was successfully used in a previous study of PP [19] . The 2 D column was installed in a separate oven located inside the main GC oven, providing more flexible temperature control. The system was equipped with a Gerstel MultiPurpose Sampler (MPS 2XL), SPME option for procedural automation, and the CIS4 Cooled Injection System. The carrier gas was helium at a corrected constant flow rate of 1 mL min −1 and the injector was set to splitless mode. In the preliminary selection of fibers, the main oven temperature program comprised an isothermal period at 50 • C for 3 min, a ramp of 3 • C min −1 to 185 • C followed by a ramp of 20 • C min −1 to 295 • C and a final isothermal period at 295 • C for 6 min. The secondary oven was programmed with a 20 • C offset above the primary oven. The modulation parameters consisted of 6 s modulation period (1 s hot pulse and 2 s cold pulse time) and a temperature offset of 10 • C above the secondary oven. For the sample analysis, due to differences in the cigarette types (3R4F and the two test cigarettes), slightly modified modulation parameters were applied: modulation period of 4 s (0.6 s hot pulse and 1.4 s cold pulse time). Mass spectra were acquired in the range m/z 45-500 at the acquisition rate of 100 spectra s −1 . The ion source temperature was set at 230 • C and the transfer line temperature was set at 250 • C. The detector voltage was 1500 V and the ionization electron energy (EI source) was set at 70 eV. Samples were acquired using LECO ChromaTOF ® software version 4.44.
Data processing
Data processing for fiber selection was performed using the peak table-based LECO ChromaTOF ® software version 4.50 applying S/N threshold for automatic peak finding of 1000 and mass threshold of 50. Data processing for multivariate comparison of cigarettes A and B was performed using the pixel-based GC Image TM software package version 2.4a2 (Zoex Corporation, Houston, TX, USA). The Image Investigator TM , part of the GC Image TM software package, was used to analyze multiple chromatograms and examine statistical characteristics and trends. Library searching was carried out using NIST/EPA/NIH Mass Spectral Library (NIST 11) and Wiley Registry of Mass Spectral Data (9th edition), considering a minimum similarity value of 80%. Linear retention indices (LRI) for the first chromatographic dimension were calculated using alkanes present in a sample. Aroma Office 2 D (Gerstel, Tokyo, Japan) and its LRI database of over 50,000 entries was used for verification of some compound identities. This software allows performing manual searches within selected ± range (±15 in this case) from the calculated LRI value to improve reliability of MS peak identification.
The data processing of the mainstream smoke sample replicates for the two cigarette types (a total of 24 runs; 12 for A and 12 for B) was performed on a matrix of data containing all calculated peak regions (e.g. every single peak found in any of the sample replicates). It consisted of a set of 1100+ compounds (variables) that were detected in each of the analyzed mainstream smoke PP samples. The matrix was submitted to principal component analysis (PCA) with mean-centering pretreatment in order to elucidate clustering tendencies. A 24 × 1170 data matrix was calculated for PCA using chemometrics package Unscrambler ® X version 10.3 (Camo, Norway). A singular value decomposition (SVD) algorithm was used as it produces high accuracy results and is best suited for high number of variables datasets [46] .
Results and discussion
SPME fiber selection
The preliminary selection of SPME fibers focused on analysis of 3R4F reference cigarette mainstream smoke as a means to compare of their extraction capacities toward PP volatiles. Each of the six evaluated fiber types was exposed to the headspace over a quarter of a Cambridge filter pad and analyzed under identical conditions. The goal was primarily to maximize the number of detected compounds, but not at the price of producing overloaded chromatograms that would impact peak shapes and mass spectral data quality, which would greatly confound the quality of the subsequent statistical analysis of the samples.
For these reasons, in the peak table-based data processing approach (ChromaTOF ® ), we decided to sacrifice the number of hits (unverified compounds detected by the peak finding algorithm) in order to improve the overall quality of processed data, thus giving better identification. Fig. 1 shows three fragments of the same chromatogram processed using S/N (based on unique mass signal, not TIC) of 1000, 100, and 50 (top, middle, and bottom, respectively). Each detected hit is marked with a black dot while the yellow ones are hits which could not be identified (their mass spectra library matching was lower than 70%). Chromatograms processed with S/N of 50 and 100 obviously gave higher number of hits than the one with S/N of 1000, but they also gave rise to much higher numbers of unknowns or hits just at the noise level with very poor mass spectra. These hits would anyway be filtered out during the following manual verification step. The S/N 1000 threshold peaks presented high quality mass spectral data, including analytes present at very low abundances. Fig. 1 (top) shows hits -white circles marked from 1 to 5 -that exhibit S/N of 1858, 1771, 1396, 1369, and 2364, respectively). This clearly shows that, with the selected unique mass S/N threshold, we are able to detect a large range of analytes, including the ones present at very low abundances. When areas of these peaks are compared to areas of the higher abundance compounds present in the same region of the chromatogram (e.g. compound 3 of relative area 250 × 10 3 vs. compound X of relative area 230 × 10 6 ), it appears that a dynamic range of at least 3 decades is covered by compounds exhibiting good MS data. Results obtained after automated peak finding were further manually filtered for column bleeding, artifacts, and hits with mass spectral similarities lower than 800. Retention time values (first ( 1 t R ) and second ( 2 t R ) dimensions) of compounds after filtering were used to build apex plots that were used for fiber selection and are shown in Fig. 2 .
The number of detected compounds for PDMS-7, PDMS-100, CAR/PDMS, PDMS/DVB, DVB/CAR/PDMS, and PA fiber coatings were of 148, 1542, 1782, 1967, 2049, and 1569, respectively. The use of CAR/PDMS, PDMS/DVB, and DVB/CAR/PDMS, which are adsorbenttype coatings, provided the highest numbers of compounds. The construction of these fibers, made of solid materials suspended into a liquid polymer, improves the enrichment of volatiles on the fiber and produces higher extraction efficiency toward low molecular weight compounds [47] . It however resulted in both overloading of the chromatogram and significant peak broadening in both dimensions. This appeared to have a negative effect on the automated peak finding algorithm of the software that led to multiple entries of the same compound in the processed peak table, despite the S/N threshold. For absorbent-type phases such as PDMS and PA, that are composed principally of liquid polymers, the analyte enrichment (apart of polarity) mainly depends on the thickness of the fiber coating. Therefore, unless a thick phase is used, it is more difficult for these phases to retain small molecular weight analytes [47] . This is clearly seen in the performance of PDMS-7 that showed the lowest number of captured analytes (Fig. 2) . Even compared to thicker PDMS-100, PA fiber was able to better extract both polar and non-polar compounds, due to its higher polarity, without the overloading issues of the solid material-based fiber coatings. Therefore, PA fiber was selected as it provided clear, nonoverloaded chromatograms that included a wider range of analyte polarities.
Optimization of HS-SPME conditions
An experimental design strategy was chosen in order to reduce the number of experiments required to optimize peak areas. To optimize HS-SPME conditions a central composite design (CCD) was conducted to identify the optimum extraction temperature and time. Four replicates of the central point were performed with the objective of estimating experimental error and detecting lack of fit. The matrix for CCD design consisted of 12 duplicated experimental runs performed in random order. A second-degree polynomial model was used including main effects for the two factors -extraction temperature and extraction time, their interaction and their quadratic components. For the purpose of the experimental design, seven representative compounds of various chemical families were selected, based on their significance in tobacco smoke and exhibiting various volatilities and polarities: pyridine, ethylbenzene, styrene, limonene, phenol naphthalene, and quinoline. The aim was to search for extraction time and extraction temperature values (independent variables) for which the peak areas of the afore mentioned compounds (dependent variables) were maximized. The average values from duplicated experiment (in arbitrary units of peak area) and experimental conditions are listed in Table  S1 of Supplementary material.
Supplementary material related to this article can be found, in the online version, at http://dx.doi.org/10.1016/j.chroma. 2014.10.057.
The analysis of variance (ANOVA) performed to evaluate the model showed the absence of significant lack of fit (meaning, that it adequately describes the functional relationship between the experimental factors and the response variables), and good values for R 2 (0.7741 for pyridine, 0.8195 for limonene, 0.7805 for ethylbenzene, 0.7887 for styrene, 0.9072 for phenol, 0.9597 for naphthalene, and 0.9429 for quinoline). These values demonstrated that the proportion of variation in the response was attributed to the model rather than to random error. Fig. 3 shows the response surface graphs obtained in the CCD for the seven selected compounds. The maximized responses for pyridine, limonene, ethylbenzene, and styrene were obtained at lower temperatures and longer extraction times; naphthalene and quinoline needed both higher temperature and longer extraction times to maximize the response, while for phenol this was achieved at higher temperature and approximately 8 min of extraction. Each of these separately modeled responses were processed through a desirability function, rather than combining several elementary responses into a more complex objective function [41] . The overall optimum of extraction conditions, identified by maximized desirability, were an extraction temperature of 40 • C and 15 min extraction time. 
Pixel-based data processing and principal component analysis
The pixel-based software package (GC Image TM ) was used for alignment and comparison of chromatograms from the 12 replicates of cigarette type A and 12 replicates of cigarette type B (a total of 24 runs were conducted). Samples were preprocessed by mean of background correction, blob detection, and phase shift. The alignment was based on reliable peaks that could be detected and matched in all samples. Then, a cumulative chromatogram was created by combining all chromatograms into a single image. Such an image reflected all of the constituents present in all samples. Each peak present in this image was delineated, forming regions that were recorded and used to create a template. For each of the peaks, the template matrix recorded retention times in both dimensions ( 1 t R and 2 t R ) and a rule expressed in Computer Language for Identifying Chemicals (CLIC) [48] that specifies the reference mass spectrum in the template as well as the required mass spectral match factor to be reached when in use. After a final set of manual cleaning for column bleeding signals, artifacts, and peak tailingrelated hits, a final set of 1170 regions was created in the template. Each of the single HS-SPME GC × GC TOFMS chromatograms generated by the replicated analyses of both types A and B cigarettes were mapped back to this template and each region defined a feature for each chromatogram. A large matrix (24 × 1170) of data containing the relative percent responses of peak areas for each of the 1170 regions of the 24 mainstream smoke PP samples was created and submitted to principal component analysis (PCA) with mean-centering pretreatment. Fig. 4 (top) shows the corresponding PC1 vs. PC2 score plot. These two principal components summarize the relationships among the samples and account for more variation in the data set than any other pair of components with PC1 describing 98% of the explained variance. This clearly demonstrated the efficiency of the multivariate data processing approach for the segregation of PP smoke components from the two cigarette types based on their difference in terms of filter construction.
Furthermore, when considering the loadings to interpret the patterns seen in the score plot, and focusing only on compounds representative for each type of cigarettes (further to the right for the type A and further to the left for the type B in Fig. 4 bottom) we can observe that compounds characteristic for the cellulose acetate filter type A cigarettes are more volatile and less polar than compounds specific for the active carbon/cellulose acetate filtered type B (Fig. 5) .
Statistical comparison using pairwise Fisher ratio
Compared to the PCA approach, this statistical comparison relied on the creation of different classes of samples prior to data processing. Contrary to unsupervised PCA analysis, which is more likely to fail for datasets with high portions of within-class variations, the supervised Fisher ratio (F) is well suited for such sample profiles. This type of analysis differentiates the fragments of the sample profile that contain class-to-class variations from the fragments of the sample that contain within-class variations, and can be applied to discover the unknown chemical differences among known classes of complex samples [43] . Fisher ratios were calculated for all of the 1170 regions of the template for the 12 GC × GC chromatogram replicates available for each of the two classes of cigarettes. For each compound region, a mean volume value was calculated for both classes prior to F calculation and normalized against the sum of all volumes of the class so that it was based on a percent response. Fig. 6A shows the two-dimensional (mean 1 t R ( 1 t) vs. mean 2 t R ( 2 t)) Fisher ratio plot for percent responses of compounds detected in the 24 aligned GC × GC chromatograms. Bubbles represent the Fisher ratio values for detected analytes; the bigger the bubble the higher the F, thus the greater the differences between the two classes. The value of such a plot is that it allows direct appreciation of how the compounds responsible for the class separation are located in the chromatographic space. Such a link with the chemical elution logic allows the zones that are particularly distinctive to be distinguished. Although the roof-tile effect, where peaks belonging to homologous series are positioned along lines on the retention plane, is not as strong as in petrochemical samples, it is possible to draw some conclusions regarding the chemical character of the cigarette smoke components resulting from the differences in the cigarette filter construction. In the present case, differences are localized where moderately polar and highly polar compounds with higher molecular weights elute, such as monocyclic and polycyclic aromatics.
Calculated Fisher ratio values for percent responses ranged between 1.92 × 10 −4 and 6648. Statistically significant differences are observed when calculated value of F exceeds the critical value (F crit ), the same way it is done in one-way ANOVA. In this case, for 12 samples in each class and significance level ˛ = 0.01, the critical value F crit was 7.95. For the analysis of compounds from cigarettes A and B, statistically significant differences were observed for 1101 analytes, which is nearly 94%. In order to focus our efforts on compounds that exhibited the greatest class-to-class variation, we chose to apply a threshold value of 900. A set of 143 compounds selected in this way showed the biggest influence on the differences between the two classes of cigarettes and included 13% of the significantly different features (Fig. 6B) .
Fisher ratio analysis is very useful to identify the major compounds responsible for the differences between 2 classes, especially, for example, in the case of on/off responses to illnesses [49] . However, it gives no information regarding changes in the concentration of the analytes present in several classes. It was nevertheless possible to specifically reprocess the data for the 143 compounds exhibiting F values greater than 900 to examine the separate peak volume means and thereby calculate the difference for each compound in both classes. In Fig. 7 , each bubble represents a difference in peak volume means for classes A and B, and the size of the bubble is proportional to that difference. For 134 of the 143 features, this difference was positive (showed as blue bubbles in Fig. 7) . This showed that the use of activated carbon in the filter design resulted in a reduction of the relative concentration of these analytes in the mainstream smoke PP. For the nine remaining compounds, characterized by higher molecular weights and eluting at the end of a chromatographic run (showed as orange bubbles in Fig. 7) , negative values for peak volume means were observed. These values, although much smaller than for the positive values for peak volume means, suggest that for these analytes a classical cellulose acetate filter had a more efficient trapping effect than the charcoal filter. Table 2 lists the above mentioned tentatively identified compounds (based on mass spectral similarities and LRIs, when available) in a descending order of Fisher ratio value; their vapor pressure (VP) values at 25 • C, peak volume means for both classes of cigarettes, and their ratios, and molecular weights are also shown. Whilst the purity of the GC × GC TOFMS spectra is generally high, leading to good quality library matches, 38 from the 143 peaks remained unassigned because they were not present among the 680,000 entries of the libraries that were used. Such a situation is common, as up to 70% of peaks in a typical GC/MS analysis of a plant extract remain unidentified after library searches [50] . The use of high accuracy MS analyzers would be of significant value in such cases of lack of identification. Among the compounds identified as different between the two cigarettes, the majority were hydrocarbons (monocyclic aromatic -25, polycyclic aromatic -13, alkenes -12, alicyclics -9, alkynes -2, and alkanes -1), while the other major classes of compounds are ketones (11) , monocyclic six-membered N-containing compounds (6), alcohols (5), aldehydes (5), esters (4), lactones (3), nitriles (2), phenols (2), ethers (2), carboxylic acids (1), aza-arenes (1), and imides (1) . Analytes that were better removed by a classic cellulose acetate filter possessed molecular weight in the range of 131 and 170; 3 of them were PAHs, 2 were unknown, while the remaining ones, with one member per class, belong to monocyclic six-membered N-containing compounds, phenols, ketones, and esters.
We attempted to explain the observed differences in chemical profiles of the two smoke samples on the basis of the physical properties of individual smoke constituents. However, despite our attempts, we could not identify any simple relationship between ratios of peak volumes of selected compounds (column 9 of Table 2 ) and their vapor pressure values (column 10 of Table 2 ). Generally, compounds that were better removed by a cellulose acetate filter had vapor pressure values below 0.043 at 25 • C; however, other compounds, with similar or lower values, were better removed by an active carbon filter. Also, compounds with high and low peak volume ratios were characterized by similar VP values. Relating other chemical factors, such as molecular weights (MW), boiling points (seen as elution in the first dimension), or polarity, to the observed differences in the relative yields also failed to identify a clear reason for differences between the smoke samples. A further investigation by means of a multivariate analysis of possible physicochemical properties would be necessary to explain the processes occurring during PP filtration and factors affecting it.
Conclusions
A method involving headspace solid-phase microextraction and GC × GC TOFMS was developed for the analysis of mainstream cigarette smoke particular matter from two types of cigarettes differing in filter construction. Polyacrylate SPME fiber was chosen over other five types of fibers for the analysis while extraction conditions were selected using an experimental design approach. The strategy of multivariate experimental design made possible the identification of experimental conditions (extraction time and extraction temperature) for the headspace SPME sampling method using an efficient experimental approach. Maximized desirability was achieved at an extraction temperature of 40 • C and extraction time of 15 min. Optimized conditions were used to perform 12 replicate analyses of each cigarette type, followed by automated detection and recognition of peak patterns in individual chromatograms, selection of reliable peaks to perform alignment of all samples, and creation of a cumulative template to contain region features. These areas were used for cross-sample comparison. Fisher ratio analysis allowed selection of 143 compounds (with F values over 900) having the biggest influence on the differences between two types of cigarettes, nearly 60% of which (excluding unknowns) belonged to hydrocarbons. Application of active carbon in a filter design resulted in a reduction of 134 of these analytes while nine were better removed from the mainstream smoke using a classical cellulose acetate filter. Principal component analysis allowed grouping tendencies to be identified and clear differentiation between the two types of cigarettes. The use of high-resolution mass spectrometry (HRMS) for precise elemental analysis might be necessary to identify unknown compounds.
